Prediction of heat transfer during film condensation in mini and microchannels is of much practical interest. No well-verified method for this purpose is available.
INTRODUCTION
Heat transfer during condensation in channels of small diameter is of great practical interest at present due to need for miniaturization. Numerous experimental studies have been done to measure heat transfer rate in mini and micro channels. Many methods for predicting heat transfer coefficients, theoretical and empirical, have been proposed but none of them has been shown to be generally applicable or even applicable in a welldefined range of parameters. For example, Su et al. (2009) note that four of the predictive techniques developed for mini channels make widely different predictions for ammonia. Hence there is a need for well-verified predictive techniques for mini and micro channels.
It is generally believed that predictive techniques for macro channels are inapplicable to micro and mini channels. This belief is based on scattered reports of some small channel data showing disagreement with macro channel correlations. However there are also many reports of small channel data being in agreement with macro channel correlations. There has not been any comprehensive study to determine the limits of macro channel correlations to smaller channels. There is a need for such a study and this paper attempts to fulfill this need to some extent. This paper reports the results of comparing the author's recent general correlation (Shah 2009 ) with available data for micro and mini channels. This correlation has been validated with data for 22 fluids over a very wide range of parameters that includes tube diameters from 2 to 49 mm, flow rates from 4 to 820 kg/m 2 s. and reduced pressures from 0.0008 to 0.9. While this correlation is applicable to both horizontal and vertical tubes, comparison here has been made only with horizontal tube data as very few data for vertical mini or micro channels could be found. The results of the comparison indicate the probability that this correlation may be applicable to channel diameters > 0.49 mm and Bond numbers > 0.4. This result is encouraging but a large amount of data in the same range was found to give large deviations from this correlation. The possible reasons for this discrepancy are discussed.
NOMENCLATURE
All equations are dimensionless. Any consistent system may be used.
Bn
Bond number, defined by Eq. 
CLASSIFICATION OF CHANNELS
Many classifications of channels have been proposed. Many authors consider the channels of diameter greater than 6 mm to be macro channels and smaller than 6 mm as small (micro, mini, etc.) channels. According to Mehedail et al. (2000) heat exchangers with channel diameters greater than 6 mm are conventional or macro, 1 to 6 mm are compact, 0.1 to 1 mm are meso, and 1 to 100 µm are micro type. Kandlikar and Grande (2002) consider channels of 0.5 to 3 mm as minichannels. These classifications are arbitrary, without any physical bases. Cheng and Wu (2006) have given the following criteria based on an analysis considering the magnitudes of gravity and surface tension effects:
Microchannel, if Bn < 0.5 (negligible effect of gravity)
Minichannel , if 0.5 < Bn < 3.0 (both gravity and surface tension have significant effect)
Macrochannel, if Bn > 3.0 (surface tension has negligible effect)
Bn is the Bond number defined as:
(1)
GENERAL CORRELATION OF SHAH (2009)
The Shah correlation (called the present correlation from here onwards) includes formulas for application to horizontal as well as vertical channels. Only the version for horizontal channels is given here.
This correlation has three regimes of heat transfer and different formulas for each.
In Regime I (turbulent regime):
In Regime II (mixed regime):
For Regime III (laminar regime), no formula was given due to lack of analyzable data.
h I and h Nu in the above equations are obtained from the following equations:
Eq. (5) is the Nusselt equation for laminar film condensation in vertical tubes; the constant has been increased by 20% as recommended by McAdams (1954) on the basis of comparison with test data. Eq. (4) is a modification of author's earlier correlation (Shah 1979) , the difference being that the 1979 version did not have the viscosity ratio term. This term becomes significant only at higher p r . Regime II occurs if J g is less than the value given by Eq. (7) and Re GT > 35,000. If Re GT < 35,000, Regime III (laminar regime) prevails. This limit of 35,000 was proposed conservatively as there were very few data points for lower values of Re GT and as the analytical formula of Chato (1962) is said to be applicable at Re GT < 35,000. This limit was ignored in present data analysis.
In the above equations, Jg is the dimensionless vapor velocity defined as
DATA ANALYSIS

Data Search
As noted earlier, the demarcation between macro channels and small channels has been based on diameter or Bond number. The Bond number is known only after calculations have been done. As macro or normal channels are considered to be of diameters 6 mm and larger, data for channels with equivalent diameters less than 6 mm were sought. As most of the interest is in channels of 2 mm and less, emphasis was on getting data for such channels.
While a very large number of studies on small channels have been published, many of them do not give their data in analyzable form. To compare with the present correlation, vapor quality, mass flow rate, and pressure must be known. One or two of these parameters were missing in the graphs in many publications. Still, a large amount of analyzable data from many sources covering a wide range of parameters were found. These included equivalent diameters from 5.3 mm to 0.067 mm.
Methodology
The data collected were compared with the present correlation described in the foregoing. The single phase heat transfer coefficient was calculated with Eq. (6) for all data except for the data of Son and Lee (2009) for which the following equation was used:
The reason is that these authors' single-phase measurements were higher than Eq. (6) and they fitted Eq. (9) to their data.
For the data points with J g less than given by Eq. (7), heat transfer coefficients were calculated with Eq. (3) even when Re GT < 35,000.
Fluid property data were taken from many sources. Properties for R-12, R-22, R-123, and R-134a are from the University of Ottawa Code UO0694. Properties for propane are from ASHRAE (2005) . All other properties are from REFPROP 8.0.
Results of Comparison
The results of comparison with data are shown in Tables 1 and  2 . The mean deviation is defined as:
Average deviation is defined as:
The results of this comparison with the present correlation were mixed. Many of the data sets showed reasonable agreement while many data sets showed inadequate agreement. Table 1 shows the salient features of the data sets that were found to be in reasonable agreement with the Shah correlation. It is seen that these data include eight fluids: R-22, R-32, R134a, R-245fa, R-410A, propane, butane, and dimethyl ether (DME). Their properties vary to a considerable extent. The data include single round and rectangular channels as well as multiport channels with round and rectangular ports. Reduced pressures vary from 0.048 to 0.52 and mass velocities from 50 to 1400 kg/m 2 s.
DISCUSSION OF RESULTS OF DATA ANALYSIS Data in Agreement With Present Correlation
Figures 1 and 2 are plots of the average and mean deviations of the data sets in Table 1 against the Bond number. It is seen that data sets for Bond numbers between 0.5 and 73 are satisfactorily correlated, with only a few showing deviations greater than 20 percent. As noted earlier, Cheng and Wu (2006) classify minichannels as those with Bond numbers between 0.5 4 Copyright © 2010 by ASME and 3. Thus the data in Table 1 indicate that the present correlation may be applicable to mini channels. Figure 5 shows the effect of mass flux on deviations from the Shah correlations found in the data of Matkovic et al. (2008) . It is seen that all but one of the data at 100 kg/m 2 s are underpredicted. These data points are in Regime 1 according to Equation 7 but will be in good agreement if treated as Regime II. This will suggest that the boundaries between the flow regimes may need to be adjusted for mini-channels. But not all data show this trend. For example, the data of Alhajri and Ohadi (2009) show good agreement down to 50 kg/m 2 s. Scatter around boundaries is found in macro channel data too. Hence any modifications have to be postponed until more data become available. Table 2 lists the salient features of data that showed inadequate agreement with the present correlation.
Data Not Agreeing With Present Correlation
There are three data sets for diameters less than the minimum diameter of 0.48 mm in Table 1 . The data of Hu and Chao (2007) for water are extremely low, even far lower than one would expect from Nusselt's laminar flow equation. In fact they are almost exactly 1/10 th of the prediction of the present correlation. The data of Agarwal et al. (2007) are more than two times higher than the present correlation. Dong and Yang (2008) performed tests on channels with diameters from 0.066 to 0.114 mm and report that all are much lower than the Shah (1979) correlation. Only the data of one run each for 0.114 to 0.066 mm channels are given in analyzable form. The data for 0.114 channel are lower than the present correlation but those for 0.066 mm channel are in good agreement. The Bond numbers for all these microchannel data mentioned in this paragraph are 0.026 and lower. From the foregoing, it is 5 Copyright © 2010 by ASME concluded that the present correlation is inapplicable to diameters < 0.133 mm and Bond numbers < 0.026.
The data of Park and Hrnjak (2008) for CO 2 for 0.89 mm diameter agree with the present correlation at the lowest mass flow rate but get progressively lower as mass flux increases. The data of Huai and Koyama (2004) for CO 2 at near critical pressure appear to be in fair agreement but have so much scatter that it was decided not to include them here.
The rest of the data in Table 2 are in the range of diameters, fluids and operating conditions of the data in Table 1 . The reasons for this discrepancy/disagreement are now discussed.
Reasons for Disagreement Between Minichannel Data
Comparing the data sets in Tables 1 and 2 , it is noted that many data sets in the two tables are for the same fluids under comparable conditions. For example, data of Zhang and Webb (2006) Figure 6 . It is seen that all data from both sources are in Regime I. As can be seen in Table 1 , there are several other data sets for R-134a in channels of comparable geometry but at lower p r which also show fair agreement with the Shah correlation.
The main reason for these disagreements appears to be related to difficulties in accurate measurements on small channels. Many researchers have noted that accurate measurements on small channels are very difficult and subject to error. Such authors include Cavallini et al. (2006) , Bergles et al. (2003) , and Koyama et al. (2003) . The difficulties are caused by very small flow rates and quantities of heat, and small dimensions of the test sections.
An interesting case is the data of data of Dessiatoun et al. (2007) which show poor agreement with the present correlation. Alhajri and Ohadi (2009) , who were coauthors of this paper and participated in the measurements, later realized that the instrumentation had not been sufficiently accurate. After the upgrade of instrumentation, they obtained the data included in Table 1 and these are in good agreement with the present correlation. Wang & Rose (2006) note that much of the earlier data on small channels was obtained by measuring overall heat transfer coefficients and then deducting the resistances other than that of the condensing refrigerant and that such data have high uncertainty. Cavallini et al (2005) also consider such measurement techniques subject to errors.
Su et al. (2009) and
It is interesting that all the data from the University of Padva (Matkovic et al. 2008 , Cavallini et al. 2005 , Cavallini et al. 2006 show good agreement with the present correlation. The range of their data includes single round tubes and multiport channels with diameters from 0.8 to 1.4 mm and three fluids. These researchers measured the wall temperature directly. Koyama et al. (2003) also measured the wall temperatures directly and their data for 0.81 mm equivalent diameter multiport channel are in good agreement with the present correlation.
Thus many researchers are of the opinion that data from direct wall temperature measurements are more accurate than those form Wilson plot type techniques. However, it should not be inferred that the former measurements are always accurate and the latter are always inaccurate.
According to accepted theories and correlations, similar flow patterns will occur in channels of comparable geometry with the same fluid under comparable operational parameters. Hence the disagreement between data sets cannot be explained on the basis of flow patterns. Shin and Kim (2004) performed tests with round channels as well as rectangular channels. While the round channel data are in agreement with the present correlation, those for rectangular channels are considerably lower. The analytical solution of Wang and Rose (2006) indicates that heat transfer is profoundly affected by channel shape in a complex manner and that the length-averaged heat transfer coefficient of non-circular channels could be higher or lower compared to circular channels. Nevertheless, the data in Table 1 include many single and multiport rectangular channels that show satisfactory agreement with the present correlation. The aspect ratios in the data well correlated are upto 13. It should be noted that the Wang and Rose analysis assumed laminar liquid film This assumptions is not likely to be valid at higher flow rates. In the presence of vapor shear, it has been shown experimentally (Carpenter and Colburn 1951) and theoretically (Rohesenow et al. 1956 ) that liquid films become turbulent at very low Reynolds numbers. Clearly more research on the effect of shape is needed.
For the round channels, the author concludes that the most likely cause of disagreement is measurement accuracy. The ones agreeing with the present very well verified general correlation may be the more accurate ones. However, the evidence is not conclusive. More studies are needed to reach a definite conclusion.
The data of Bandhauer et al. (2006) for 0.76 mm diameter do not agree with the present correlation while those for 0.51 and 1.51 mm agree. The present author cannot think of any explanation for it.
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Copyright © 2010 by ASME SUMMARY & CONCLUSION 1. Data for micro and mini channels from many sources covering a wide range of parameters were compared with the author's general correlation (Shah 2009 ) which has had extensive verification with data for macro tubes.
2. This correlation was found to be in good agreement with data from 15 studies that included single channels and multiport channels with round and rectangular shapes, diameters from 0.49 to 5.3 mm, and Bond numbers from 0.48 to 72. The range of these data is given in Table 3 . Agreement with such a wide range of data is unlikely to be a mere coincidence.
3. Data from several other studies in the range noted above did not agree with this correlation. This discrepancy could be due to inaccuracies in measurements as measurements in small channels are generally considered very difficult.
4. Most of the data for channel diameters 0.28 mm and smaller showed large deviations from the Shah correlation. This indicates that this correlation is not applicable to microchannels.
5. The majority of data analyzed indicate the possibility that the Shah correlation is valid for minichannels. However this needs to be confirmed through further data analysis. Specially needing further study are shapes other than round.
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